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INTRODUCTION

The main chain of polydimethyl-

siloxane (PDMS) as a stable 

skeleton is alternately composed of

silicon and oxygen atoms, with

methyl attached to main chain

through silicon atoms. The peculiar

amalgamation of inorganic and

organic functionalities into PDMS

can be attributed to its unique

structure and component. Due to

good thermal stability (greater

bond energy of Si-O relative to that

of C-C), oxidation resistance,

weatherability and flexibility,

excellent low-temperature charac-

teristics (spiral structure and small

intermolecular forces), large 

compression ratio, low surface

energy and high dielectric strength,

PDMS is often used as modifiers
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α,ω-Di((N-ethyl)amino(2-methyl)propyl) polydimethylsiloxane (DEAMP-PDMS) 

together with siloxane-containing epoxy resin with different number average 

molecular weights, as reactive and functional polymers, were obtained through a 

three-step synthetic procedure. At first, α,ω-di((N-ethyl)amino(2-methyl)propyl) 

tetramethylsiloxane (DEAMP-TMS) was prepared by hydrosilylating tetramethyldi-silox-

ane with N-ethyl-2-methylallylamine in the presence of dihydrogen hexachloroplatinate

catalyst. Then, DEAMP-PDMS was synthesized by a base-catalyzed equilibrium 

reaction of DEAMP-TMS with octamethylcyclotetrasiloxane (D4). Finally, a series of

novel siloxane-containing epoxies (SEs) with different number average molecular

weights were synthesized through ring opening addition reaction of DEAMP-PDMS with

diglycidyl ether of bisphenol A epoxy (DGEBA). The structural elucidation of DEAMP-

PDMS and SE was carried out by FTIR, 1H NMR and 13C NMR spectroscopy methods.

In addition, the purification methods and the factors influencing the synthetic process,

such as reaction temperature, time, solvent, and catalyst as well as the relative amount

of reactants utilized, are also discussed in detail. Number average molecular weight

was determined by end group titration method. The results from spectroscopic analysis

and end group titration show that the structure and number average molecular weights

of target molecules are consistent with the designed molecular structure. As an 

advantage, the resultant SE exhibits good room-temperature mobility. Viscosity of SE

decreases with the increase in number average molecular weights, which can be

explained by the relative content of hydroxyl and the length of siloxane segment in SE.



for other polymers [1-3]. For example, epoxy resin,

as one of general resins with extensive use and 

promising market prospect, is usually modified by

PDMS. PDMS-modified epoxy resin not only 

inherits the intrinsic attributes of conventional epoxy

resin, but also obtains some novel and attractive 

properties such as good thermal stability, flame 

retardancy and toughness. In addition, absorbed and

oriented to the resin surface so as to minimize surface

tension, PDMS can lead to a low energy surface

which in turn gives rise to good waterproof and oil

resistance [4,5]. The friction coefficient is also 

significantly reduced by smooth surface of PDMS-

modified epoxy resin [6]. 

However, the solubility parameter of PDMS is

much lower than conventional carbon-based 

polymers. If directly mixed with PDMS, there will be

phase separation and even leaching phenomenon of

siloxane component from matrix resin. Therefore, it

is necessary that some appropriate methods must be

adopted to increase compatibility between the 

silicon-based and carbon-based polymers. The 

incorporation of functional PDMS into matrix resin

by chemical reaction is one of the most effective

modification methods [7-9].

Epoxy resin modified chemically by PDMS,

called siloxane-containing epoxy resin (SE), has been 

reported by different researchers [10-14]. SE is 

synthesized by the direct reaction of epoxy and 

siloxanes like those functionalized with primary

amine, carboxyl and hydroxyl groups [11], or by the

indirect reaction of functional siloxane and 

precursors of epoxide followed by epoxidation 

reaction [12], or by base-catalyzed equilibration of

cyclosiloxane monomer and linear siloxane 

terminated with epoxy groups [13], or by the 

hydrosilylation of hydrogen-containing siloxane and

allyl glycidyl ether [14]. However, there are some

disadvantages in the above mentioned syntheses of

seemingly SE. Some synthetic reaction conditions,

such as thermal polycondensation at higher 

temperature, platinum complex used as catalyst and

acidic or alkali reaction medium, may cause 

ring-opening polymerization of epoxy group and

even cross-linking reactions. Moreover, either only

SEs of low molecular weight has been dealt with, or

the synthetic process is found complicated. Further 

investigations of the properties and reaction of SEs

are also missing. Therefore, we began research on

SEs.

In this paper, PDMS terminated with a secondary

amine group (DEAMP-PDMS), which was little 

reported by other workers is being selected in our

work as a thermoplastic modifier for difunctional

epoxy resin. This modifier was conveniently 

synthesized through hydrosilylation and then base-

catalyzed equilibration. Molecular weights of

DEAMP-PDMS could also be conveniently 

controlled by regulating the molar ratio of DEAMP-

TMS to D4 in latter reaction. Further, a triblock

copolymer, SE, with various molecular weights was

easily synthesized by regulating the molar ratio of

DEAMP-PDMS to epoxy resin. As main objectives

of this study, the linear siloxane-containing epoxy

resin with different molecular weights is expected to 

fabricate structurally gradient materials and to

improve properties of general epoxy resin such as

hydrophobicity and thermal decomposition stability,

etc. The further study carried out in our laboratory

will be reported later.

EXPERIMENTAL

Materials 

Octamethylcyclotetrasiloxane (D4) was used as

received from the Institute of Wuhan Chemical

Industry, China. Both N-ethyl-2-methylallylamine

and dihydrogen hexachloroplatinate (IV) monohy-

drate were purchased from Beijing Tong Guang

Reagent Sales Company, China. Dihydrogen 

hexachloroplatinate (IV) monohydrate was dissolved

into isopropyl alcohol to prepare a solution of 

1.67 wt% before use. Tetramethyldisiloxane was

product of Zhejiang Jiaxing United Chemical Co.

Ltd., China, and was used without further 

purification. Both toluene and 2-butanone (State

Medicine Group Chemical Reagents, China) were

dried and distilled before use. Diglycidyl ether of

bisphenol A epoxy (DGEBA, epoxy equivalent: 

184-190) was obtained from Yueyang Chemical

Plant, China. Tetramethylammonium hydroxide 

pentahydrate was purchased from Aldrich, stored in a

desiccator, and used as received.
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Preparation of Tetramethylammonium

Siloxanolate Catalyst

Tetramethylammonium siloxanolate (TMAS) was 

prepared as described in the literature [15]. Two

grams of tetramethylammonium hydroxide pentahy-

drate and 13.1 g of D4 were charged into a flask

equipped with a stirrer and Dean Stark trap with 

condenser. High-purity nitrogen was bubbled through

the solution to eliminate water as the reaction 

proceeded. The reaction was carried out at 80ºC for 

24 h. Initially the mixture was heterogeneous, and

TMAS catalyst, a fairly viscous and translucent 

liquid, was obtained after 24 h.

Preparation of α,ω-Di((N-ethyl)amino(2-methyl)

propyl) Tetramethylsiloxane (DEAMP-TMS) 

To a 250-mL four-neck flask equipped with a reflux

condenser, a magnetic stirrer, a thermometer and a 

dropping funnel, 67 g of N-ethyl-2-methylallylamine,

100 mL of toluene as well as a few drops of 

dihydrogen hexachloroplatinate solution were added

and heated to 80ºC. After that, 128.7 g of tetramethyl-

disiloxane and the remaining catalyst solution were

added dropwise at such a rate that the internal 

temperature did not exceed 150ºC. The total 

concentration of dihydrogen hexachloroplatinate was

200 ppm based on the total formulation. The reaction

mixture was continuously stirred on magnetic stirrer

at temperature of toluene reflux until the Si-H 

conversion, detected by IR, was completed. The 

product was freed from the excess N-ethyl-2-methyl-

allylamine and other volatile components at 110ºC

under vacuum. Subsequently, a clear, slightly yellow

liquid of low viscosity was obtained through further

vacuum distillation on the pressure less than 3 mmHg.

The boiling point of the product was 136-138ºC/

3 mmHg and yield was about 71%. The reaction 

equation employed in the preparation of DEAMP-

TMS is shown in Scheme I.

Synthesis of α,ω-Di((N-ethyl)amino(2-methyl)

propyl) Polydimethylsiloxane (DEAMP-PDMS) 

DEAMP-PDMS was prepared by base-catalyzed

equilibrium copolymerization of D4 with DEAMP-

TMS using TMAS as catalyst. The synthetic route is

given in Scheme II. An amount of 186 g D4, 1 g of

TMAS and 16.6 g of DEAMP-TMS were placed in a

250-mL four-neck flask fitted with a reflux 

condenser, a magnetic stirrer, a thermometer and a

nitrogen inlet. The mixture was heated to 80ºC and

stirred under nitrogen purge for 45 h, during which

the reaction mixture gradually became transparent

and viscosity also increased. Then to decompose the

catalyst, the mixture was heated to 150ºC and kept

temperature constant for 3 h. After the low boiling

point compounds were stripped off by vacuum 
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distillation at 150ºC, a clear and viscous liquid 

product was obtained. The yield was about 81%.

FTIR (cm-1): 3305 (N-H, str), 2960, 1260, 800 

(Si-CH3), 1085, 1040 (Si-O-Si, str). 1H NMR

(CDCl3), δ (ppm): 0.65 (CH2-Si), 0.09 (CH3-Si),

0.40 (CH3-CH); 0.95 (CH3-CH2-); 1.83 (CH); 2.45

(-CH2-CH); 2.63 (CH2-CH3); 1.1 (N-H). 13C NMR

(CDCl3), δ (ppm): 44 (CH2-CH3), 58.5 (CH2-NH),

28 (CH), 14 (CH3-CH), 25 (CH3-CH2), 21.5 (CH2-

Si), 0.5 (CH3-Si). 

Synthesis of Siloxane-containing Epoxy (SE) 

The synthetic route is provided in Scheme III. Twenty

gram DGEBA was dissolved in butanone in a 

100-mL four-neck flask equipped with a reflux 

condenser, a mechanical stirrer, a thermometer and a

dropping funnel, and heated to 60ºC under nitrogen

purge. The butanone solution of DEAMP-PDMS was

added dropwise (molar ratio, DGEBA:DEAMP-

PDMS = 2:1). To judge accomplishment of the 

synthetic reaction, a small amount of reaction 

solution was taken out from the flask for pH value

test using precise pH indicator paper every 10 min.

The mixture was stirred under nitrogen atmosphere

until the system solution became neutral, and the

reaction time was about 1 h. After butanone was 

distilled off, the residue was cooled to ambient 

temperature. The resultant product was washed

repeatedly with a solvent like n-hexane until neutral.

The crude product was further dried in a vacuum

oven (40ºC, 0.01 MPa) for 24 h. The yield was about

90-92%. FTIR (cm-1): 3474 (-OH, str), 3056, 1607,

1510, 830 (benzene ring, str), 2931, 2873 (-CH2 and

-CH3, str), 2960, 1254, 801 (Si-CH3), 1459 (C-N-C),

1361 ((CH3)2C), 1184 (C-O-C, str), 1085, 1040 

(Si-O-Si, str), 915 (oxirane). 1H NMR (CDCl3), δ
(ppm): 7.11, 6.80 (aromatic ring protons), 3.32 (CH-

oxirane), 2.87, 2.73 (CH2-oxirane), 1.61 (-C(CH3)2),

0.09 (CH3-Si), 3.9, 4.05 (O-CH2-oxirane), 2.85

(CH2-CH(OH)-CH2-O), 4.2 (CH2-O-Ar), 3.84 (CH-

OH). 13C NMR (CDCl3), δ (ppm): 49.7 (CH2-oxi-

rane), 43.8 (CH-oxirane), 68.5 (CH2-O-Ar), 156,

142.9, 127.5, 113.8 (aromatic ring carbons), 42.2 

(-C(CH3)2), 71.5 (CH-OH), 0.5 (CH3-Si), 21.5 (CH2-

Si-O), 57 (CH2(NC2H5)-CH (OH)).

Characterization

Both 1H NMR and 13C NMR spectra were recorded

in CDCl3 on a 400-MHz NMR spectrometer (Varian

Co.). FTIR spectra were obtained on a Nexus FTIR

spectrometer (Thermo Nicolet Co., American) using

solution cast films on KBr Discs. The epoxy value

(EV) of SE was determined by end group analysis

using potentiometric titration as described in the 

literature [13]. SE sample of 0.6-0.9 mmol was

weighed accurately and dissolved by 10-20 mL of

chloroform in a 50 mL of beaker, then into which 

10 mL of acetic acid solution containing 20%

tetraethyl ammonium bromide was added. EV of

sample was determined by potentiometric titration

using HClO4-HAc standard solution at room 

temperature. Blank test was also carried out using the
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Scheme III. Synthesis of siloxane-containing epoxy (SE).
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above mentioned test method. EV and number 

average molecular weight (Mn) of SE were 

calculated using the following equations:

(1)  

(2)         

where C is the concentration of HClO4-HAc standard

solution (mol/L), V0 and V are, respectively, the blank

and sample consumption volumes of HClO4-HAc

standard solution (mL), and w is the mass of the 

sample used (g). Rheology behaviour of the epoxy

resins was studied using AR-2000 Advanced

Rheometer (TA).

RESULTS AND DISCUSSION

Preparation of α,ω-Di((N-ethyl)amino(2-methyl)

propyl) Tetramethylsiloxane (DEAMP-TMS) 

In order to obtain a well-defined product, N-ethyl-2-

methylallylamine with β-methyl on its double bond, is

selected. Because of spatial effect consistent with 

electronic effect, the hydrosilylation reaction can 

exclusively proceed in the form of γ addition.

Structure of the product from exclusive γ addition can

be confirmed by NMR spectra and is also in line with

the literature [16]. 

An excessive N-ethyl-2-methylallylamine (moles,

30% excess relative to tetramethyldisiloxane amount)

cannot only accelerate hydrosilylation, but also 

promote the complete conversion of another reactant.

Moreover, because trace of water may cause 

hydrolysis of Si-H into Si-OH in the presence of 

platinum catalyst and then condensation of Si-OH 

further into Si-O-Si, which is adverse to control the

molecular weights and structure of product, all 

reactants should be dewatered prior to synthesis. The

reaction mixture is stirred for about 30 h until the 

disappearance of characteristic infrared absorption

peaks of Si-H (at 2126 cm-1), signifying the complete

conversion of tetramethyldisiloxane. The reaction

temperature is also an important factor. If the reaction

temperature is too high, radical polymerization of

olefin may occur [17], and amine also easily becomes

dark brown. Therefore, it is reasonable to control the

reaction at reflux temperature of toluene.

Synthesis of α,ω-Di((N-ethyl)amino(2-methyl)

propyl) Polydimethylsiloxane (DEAMP-PDMS) 

The synthetic reaction of DEAMP-PDMS, carried out

at 80ºC for about 45 h, is initiated by the anionic

attack of TMAS on the silicon atom of D4 to open the

ring. The propagation step consists of further anionic

attack on D4. As a function of time, the growing 

siloxanolate chain ends are able to attack the silicon

oxygen bond in the DEAMP-TMS, thus becoming

incorporated between the two secondary amino alkyl

groups. While the anionic active site attacks the 

silicon atom of D4 to form linear polymer, linear 

polymer tends to reform cyclics in return. Since the

silicon carbon bond in the DEAMP-TMS is 

not cleaved under these conditions, eventually at 

equilibrium between polymerization and depolymer-

ization, most of D4 is incorporated into the chain

which is capped perfectly with secondary amino alkyl

groups. Prior to vacuum extraction of the residual D4,

the catalyst is deactivated at 150ºC for 3 h and hence

termed a "transient catalyst". The decomposition of

TMAS, giving off (CH3)3N and CH3OH, increases

the probability that oxirane ring is opened, which 

presents adverse effects on the synthesis of SE. So, it

is necessary for the introduction of high-purity 

nitrogen to take away the resultant gases. In addition,

nitrogen can also protect amine groups from 

oxidation. The structure of DEAMP-PDMS was

Figure 1. FTIR spectrum of DEAMP-PDMS.
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confirmed by FTIR (Figure 1), 1H NMR and 
13C NMR (Figure 2) spectral analyses.

In FTIR spectrum of DEAMP-PDMS, characteris-

tic bands at 1040 and 1085 cm-1 for Si-O-Si, and other

characteristic bands at 1260 and 800 cm-1 for 

Si-CH3 obviously illustrate the incorporation of

PDMS segment into target molecule. Single peak at

3305 cm-1 as characteristic band of secondary amino

group in DEAMP-PDMS is much weaker than that in

N-ethyl-2-methylallylamine, which is caused by a

lower mass content of secondary amine group in

DEAMP-PDMS. In 1H NMR and 13C NMR spectra

of DEAMP-PDMS, the presence of characteristic

peak of CH3-Si proves the successful synthesis of

DEAMP-PDMS through a two-step procedure. The

appearance of characteristic peaks in 1H NMR 

spectra (δ, ppm, 0.65 (CH2-Si), 0.40 (CH3-CH); 0.95

(CH3-CH2-) and 1.1 (N-H)) and 13C NMR spectra 

(δ, ppm, 44 (CH2-CH3), 58.5 (CH2-NH), 28 (CH) and

21.5 (CH2-Si)) further confirms the formation of

DEAMP-PDMS.

Synthesis of Siloxane-containing Epoxy (SE)

Since the solubility parameter of DGEBA is 

significantly different from that of DEAMP-PDMS,

direct mixing may lead to immiscibility and reactive 

incompleteness. To overcome these disadvantages,

butanone is selected as cosolvent. Preferably, the 

volume of butanone must be equal to the total volume

of reactants, when too much cosolvent lowers the

reaction speed. 

In this step, DEAMP-PDMS is added dropwise to

Synthesis of α,ω-Di((N-ethyl)amino(2-methyl)propyl) ... Sun W-B et al.
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Figure 2. 1H NMR (a) and 13C NMR (b) spectra of DEAMP-PDMS.
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DGEBA (molar ratio, DEAMP-PDMS:DGEBA =

2:1) to avoid the generation of molecules containing

two or more DEAMP-PDMS segments when local

concentration of DEAMP-PDMS is too high. With

the consumption of DEAMP-PDMS containing basic 

secondary amino alkyl groups in the reaction process,

the basicity in this system becomes gradually weak

and neutrality is finally attained. Therefore, the pH

value as an indicator can be utilized to judge 

accomplishment of the synthetic reaction. Epoxy 

values of purified SEs, measured according to the

method mentioned above, were 0.1460, 0.04132, and

0.01684 mol/100 g, respectively, and accordingly, the

number average molecular weights of siloxane-

containing epoxy resins were calculated as 1370, Figure 3. FTIR spectrum of SE.
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4840, and 11880 according to eqn (2), which were

basically consistent with the designed values, i.e.

1350 and 4850 as well as 11850. The structure of

siloxane-containing epoxy resin could be confirmed

by FTIR (Figure 3), 1H NMR and 13C NMR 

(Figure 4) spectral analyses. 

In FTIR spectrum of SE, a characteristic broad

band at 3474 cm-1 for hydroxyl confirms the 

occurrence of chemical reaction between DGEBA and

DEAMP-PDMS. Those at 1040 and 1085 cm-1 for 

Si-O-Si significantly indicate the presence of siloxane

backbone in SE. In 1H NMR and 13C NMR spectra of

SE, characteristic peaks of oxirane, aromatic ring,

OH, and CH3-Si verify the incorporation of DEAMP-

PDMS into DGEBA through a series of reactions. The

presence of characteristic peaks in 1H NMR spectra

(δ, ppm, 7.11, 6.80 (aromatic ring protons), 3.32 

(-CH oxirane), 2.85 (-CH2-CH (OH)-CH2-O), 0.21

(CH3-Si)) and 13C NMR spectra (δ, ppm, 71.5 

(CH-OH) and 21.2 (CH2-Si-O)) further confirms the

formation of SE. As an additional evidence for 

successful synthesis of SE, rheological behaviour of

epoxy resins is compared and discussed in the next

section.

Rheological Behaviour of Epoxy Resins 

The rheological behaviour of epoxy resins at 25ºC

was investigated. Figure 5 presents flow curves 

showing the rheological behaviour in comparison

with DGEBA. With the increase in molecular weight

of SEs, lower viscosity is observed. The SEs show

low viscosity and viscous liquid. At low shear rates,

Newtonian behaviour of SEs is observed while at

higher shear rates apparent viscosity decreases as it is

typical of non-Newtonian behaviour. DGEBA is 

characterized by Newtonian behaviour at various

shear rates.

The zero-shear viscosity of SE1350 is higher than

that of DGEBA, which should be mainly related to the

strongest hydrogen bonding interaction stemming

from the highest hydroxyl content (relative mass 

percentage). On the contrary, both zero-shear 

viscosity of SE11850 and SE4850 are lower than

those of DGEBA and SE1350 (SE1350 stands for

siloxane-containing epoxy resin, and 1350 for its

number average molecular weight), which may be due

to excellent flexibility of longer PDMS segment in SE 

(*) SE1350 stands for siloxane-containing epoxy resin, and 1350 for

its number average molecular weight.

Figure 5. Rheological behaviour of epoxies.

backbone and weaker hydrogen bonding originating

from lower hydroxyl content. According to literature

[18], the polysiloxane-modified epoxy resin was 

solid state and had to be grinded before use. Whereas,

all siloxane-containing epoxy resins here are 

viscous liquid and convenient to use at room 

temperature.

CONCLUSION

DEAMP-PDMS (secondary amine-terminated 

polydimethylsiloxane) can be synthesized through a

two-step procedure, hydrosilylation and base-

catalyzed equilibrium. The former requires 200 ppm

of dihydrogen hexachloroplatinate as catalyst, 

N-ethyl-2-methylallylamine of excess 30% over

tetramethyldisiloxane as reactant, reaction 

temperature 110ºC and reaction time of about 30 h.

The latter requires TMAS as a temporary catalyst,

reaction temperature 80ºC, and reaction time 

of 45 h. Another target molecule, SE, can be 

synthesized in butanone through a partial ring 

opening addition reaction of DGEBA with DEAMP-

PDMS at 80ºC for 2 h. The resulting SE exhibits 

better room-temperature mobility than that prepared

by other methods, and the viscosity of SE decreases

with the increase in number average molecular

weights.
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